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ABSTRACT 
This thesis reviews observational and theoretical work on the equatorial deep jets 
and work related to the study of the role of the horizontal Coriolis parameter. \1ost existing 
analytical models interpret the equatorial deep jets as either low frequency, long Rossby 
waves or stationary,long Kelvin waves generated at or near the ocean surface. These 
models are unable to answer the question of how wind generated energy propagates down 
through the equatorial undercurrent and thermocline into the deep ocean. Existing numerical 
models do not display deep jet features due mainly to their in low vertical resolution and the 
high eddy viscosity associated with these models. These numerical models also suggest 
that very tittle energy is able to get into the deep ocean. A natural question is raised: can the 
equatorial deep jets possibly be interpreted as free, steady inertial motion below the 
thermcx: line? 
We develop a simple model for the deep jets as a free , stationary inertial motion. 
After ::caEng the fluid dynamical equations in the appropriate regime, it is found that neither 
the advecti.ve nonlinearity nor the horizontal Coriolis parameter can be neglected. An 
important conservation equation, the so called potential zonal vorticity conservation 
equation which governs the equatorial steady and zonal independent equatorial flow is 
derived. From this conservation principle, an inertial equacorial deep jets model is 
developed which captures some important features of the d~-p jets. The horizontal Coriolis 
par-a..rneter is ;mporrant in this inertial model. 
The role of the horizontal Coriolis pa.-a.meter has long been concroverstal in me 
literature. We discuss this role for several equatorial flow systems. it is found that the 
horizontal Corio lis ~ter 1s not stgnil1cant for in viscid linear equatonal waves due to 
the presence of stratification m the real ocean. However, when the ratio of momentum eddy 
YlSCOStty (0 LI-te density diss ipanon coefficient becomes small enough, the effect of the 
horizontal Corio lis parameter becomes more unporta.m m ?. simple viscous model. Some 
general aspects of this parameter have also been discussed in terms of angular momentum 
conservation and energy conservauon princtpies. It is sug~ested that for the ocean 
circulation of large verncal ex.cu.rswn of the fluid particle. me horizontal Coriolis parameter 
l!ffect may not be small and should be mcluded in future numerical mcxiels. 
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Se~tion 1. Review of observations and theories of 
equatorial deep jets 
1.1. Observations 
Observation reveals an important phenor.1enon in equatonal oceans: the p~nce of 
strong, alternating -zonal currentS with small vertical scale trapped near the equator. After 
their fJnt discovery by Luyten and Swallow ( 1976) in the western Indian Ocean, these 
energeoc flows called the equatorial deep jetS (EDJ) were also o~rved in the Equatorial 
Pacific (Hayes and Milburn. 1980; Leetrnaa and Spain, 1981; Eriksen, 1981, Firing, 1987, 
Ponte and Luyten, 1989) and in the Atlantic Ocean (Eriksen. 1982, Ponte, Luyten and 
Richardson, 1989). A typical zonal Yelocity contour in the meridional pl.a.ne obtained by 
Firing(1987) is shown in Fig.l.l. The right panel shows that below the equatorial 
undercurrent (with meridional extension 2-3 degrees north and south away from equator), 
there are eastward and westward alternating jetS starting from the westward equatorial 
intermediate current down to about 2500m. The zonal velocity magrurude becomes smaller 
for deeper jetS. Although the left panel shows that the standard deviation of the 
measurement is of the same order as the signal of the deep jets, this phenomenon is 
generally believed to be a real feature, because it has been also observed in many other 
locations. Fig.l.2, Fig.l.3, Fig.1.4 and Fig.1.5 are from Ponte and Luyten (1989), 
Pont!( l988a) which show the zonal and meridional distributions of zonal velocity and 
meridional velocity in the central Pacific equatorial ocean. Fig.l .6 is a vertical wavenumber 
specrrum (Ponte and Luyten, 1989) and clearly shows within the 95% confidence level 
that the 0(100m) jetS signals are dominant 
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Some important fearures are summarized as follows which are generally true for 
most equatorial d..:e~ jets observed in different geographical pam of equatorial oceans. 
They are: 
( 1) Altemanng zonal currents of velocity order 0( 10 em/sec) sit on the equator trapped to 
within 1 degree north and south laurude from the equator. (The meridional trapping length 
scale is of order 0(100 km)); 
(2) Very tong zonal length scale of order 1, ·nger than 1 0,00) km. 
(3) Very small vertical scale approx.imately ()(lOOm), extend to the deep 
ocean. although the signal becomes obscure m oceans deeper than 0(3000m). 
( 4) Large time scale of order mon= than 4 years (Ponte a.--.d Luyten, 1989). The :notion is 
not distinguishable from stationary (Firing, 1 ~87) because the longest measur:mcnt record 
for detecting equatorial deep jets is no longer than 4 years. 
(5) Reasonable agreement found between direct zonal curre-:1t measurements ;:.d 
geostrophic velocities calcula.tion from observed density field (Eriksen. i 982). 
1.2. Theories 
The interpretation of the jets as low-frequency surface forced, vertically propagating 
linear equatorial waves has been advocated in the past. The first model was given by 
Wunsch ( 1977). His model jets consist of long Ross by waves forced at the annual period 
by a surface vertical velocity pattern of a particular zonal wavenwnber and are unbounded 
in the zonal direction. McCreary and Lukas ( 1986) hypothesized that the deep equacoriai 
jets might be near-resonantly excited, wind-forced, stationary Kelvin waves embedded in a 
barotropic mean westward t1ow. Ponte (1988b) examined the effects of slowly varying 
baroclinic westward flow on stationary Kelvin waves. 
There are some difficulties associated with the current existing models. Ponte and 
Luyten( 1989) stated that interpretation of signals in terms of equatorial waves w::tS 
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ambiguous, because of their relatively long spatial and temporal scales compared to that of 
the record.. They found that it was hard to fit the meridional structure of the model wave to 
observauons. The energy level decays too fast in the meridional direction away from the 
equator in the wave model. The simplest hypothesis of linear waves in a resting baste state 
ocean could not be rejected, but more complicated physics cannot be ruled our. There are at 
least three major difficulties associated with the surface generated, downward propagating 
wave models although they are Hill controversial. ( 1) Gent and Luyten ( 1985) claimed that 
the e::Ustence of a strong thermocline peak in the Brunt Vaisala frequency proftle might 
reflect most of the wave energy, prevennng it from to penetrating through. (2) McPhaden et 
al. (1986) suggested that the critical levels at depth were a significant barrier to vertical 
energy propagari on. Energy at short 0( 100m) vertical scales would be blocked from 
entering the deep equatorial ocean by the e::Ustence of the shallow critical levels in the 
eastward Equato~aJ Undercurrent and westward South Equatorial Current system. (3) 
:\icCreary ( 1984) pointed that for reasonably long time scales, equatorial waves propagated 
energy into the deep ocean at very shallow angles to the surface because the vertical group 
velocity was very small- This assumes that the argument that energy propagates at the 
speed of group velocity in such a varying background medium can still be used. The 
turbulent diffusion may quickly dissipate most of the small vertical scale wave energy 
before it could get very deep. All of these three difficulties proposed one question: how 
does the wave energy get into the deep ocean? These difficulties have not been totally 
resolved. Funhermore, the stationary mode!s by ~1cCreary and Lukas ( 1986), Ponte 
( 1988b) that relate the deep equatorial jets to stationary forced Kelvin waves rely on an 
assumed deep westward mean flow that is poorly documented in observations. So the 
above wave models are still questionable. 
To avoid these difficulties, Ponte (l988b) suggested that some of the deep jets 
might be forced by variations in the mc.an venical-velocity field of the Equatorial 
Undercurrent itself. Ponte ( 1990) also studied the deep lateral boundary processes (e.g. 
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western boundary currents) as an alternaove energy source exciting the equatonal wave 
guide at long time scales. However. the quesoon of the ongm of this forcing was not 
examined. 
\1ore sophisticated numencal models have also been devetoped in the literature 
t_Pltilander and Pacanowski. 1981. 1984, Rothstem. et al., 1985, 1988) to simulate the 
equatorial dynamics .. However. up to now no numerical model has successfully modeled 
ti-te equatorial deep jets. The major reasons may be of two types: ( l) ~o·.1linear numerical 
models need a large eddy viscosity to make the numerical calculation stable, and this large 
unrealistic value of eddy viscosity may well dissipate the small scale energy associated with 
the interesting features. (2) The current numerical models have too low vertical resolution. 
\!lost models have fewer than 17 levels in the vertical and most of these levels are 
concentrated in the upper ocean. crying to resolve the equatorial undercurrent. Thus. 
understanding the dynamics of the deep jets remains an interesting problem. Therefore it is 
important, if possible. to an.alyze the nonlinear dynamical system of the deep equatorial 
ocean, <!Yen if only qualitatively. 
Since the surface generated, or near surface generated energy is unlikely to 
penetrate into deep ocean and since :...1-tat the equatorial deep jets are in the no~ar 
dynamics regime (See Section 3), it is natural for us to ask a question: Can the equatorial 
deep jer.s be interpreted as free , steady inertial motion? Although the above mentioned 
numencal models addressed the nonlinearity, the low resolution and large eddy viscosi ty 
prevented them from being able to answer this question. As a preliminary analysis, in this 
thesis, we propose a simple model crying to answer this question qualitatively. The 
conclusion is that it is possible. 
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Section 2. Review of the traditional approximation 
The traditional approxunation is widely used in geophystcal fluid dynamics. The 
main idea is that in a shallow ocean (8 = H!a <<1, His the depth of ocean. a 1s the radius 
of earth), the Coriolis acceleration associated w\th the horizontal component of the earth's 
rotation and the vertical component of the fluid particle acceleration can be neglected 
(Eckart. 1960). The significance of this approximation is that it greatly simplifies the 
mathematical complexities ot the physical problem and also emphasizes so:ne imporu.nt 
physical features of interesL 
After using this approximation. the vertical momentum equation becomes the 
hydrostatic relation so that it is possible to obtain spatially separable solutions for linear 
systems under favorabie boundary conditions. Thus the traditional approximation not only 
makes rhe analytical discussion of problems easier, but it also makes numerical 
computt.tion more efficient by using vertical modes or layer models. The validity of this 
app:vxirnation has long been controversial (see Bjerknes et al. 1933, Proudman 1942, 
Phillips 1966, 1968, Yeronis 1968, ~files 1974, and Hendershott 1981). A definite 
conclusion is still lacking. This thesis is not intended to give < universal criterion for the 
validity of the traditional approximation. Rather, its tud.ies some possible roles of the 
Coriolis acceleration associated with the horizontal component of the eanh's rotation in 
some different physical situations. especially the equatorial dynamical systems. A short 
review of the historical controversies and several models without Lhe traditional 
approximation is given in t..'1is section. 
The traditional appro,Omation is composed of three sub-approximations: 
1) Neglect of the radial variation of the meaical coefficients ( r =a). It has been shown 
(Miles, 1974) that the errors are uniform in 0(8) and are no more significant than those 
implied by the assumption of a spherical plan.-:t with a uniform gravitational field. 
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2) ~eglect of the Coriolis acceleration associated with the horizontal component of earth's 
rotation, 2ncos«;>w, -2Qcoscpu in zonal and vertical momentum equations. respectively, 
where Q is the earth's rotatlonal:mgular velOClty. 
3) Neglect of the verncal acceleranon ow1dt. 
\1iles {1974) showed that for N">>2U. where N is the Brunt Vaisala frequency 
which characterizes the vertical stanc stability, approximation 2 dominates approximation 3. 
So a large part of the concroversy concerns the validity of neglecting the effect of the 
horizontal Coriolis parameter· . 
[t has been recognized since the work of Bjerknes, Bjerknes, Solberg and Bergeron 
{ 1933) that the above assumptions espo::ially the neglecting of horizontal Coriolis parameter 
amountS to more than a minor perturbation of the spe:::trurn of free oscillations that may 
occur in a thin homogt:.neous ocean. They reali:!.ed that the hydrostatic assumption 
excluded a class of free inertial (of period longer than one pendulum day) oscillations of the 
homogeneous fluid. 
Solberg ( 1928) showed that the assumption had little effect for the wave motion of 
period shorter than one day. Proudrnan ( 1942) argued that the large aspect ratio o 
effectively eliminated these oscillations as major componentS of the astronomically forced 
tide except possibly in the case of inertial oscillations near the poles 2nd near the equator. 
Stew anson and Rickard ( 1969) pointed out that the limiting cas<: of a vanishingly 
thin homogeneous ocean is a nonuniform limit for motion cr<2G ( period lvnger than one 
pendulum day, cr is the temporal frequency of the wave motion). The solution obtained by 
solving the equations and then taking the limit may be different from those obtained by first 
taking the limit and then solving the resulnng appro1.:imateG equations. For motion <r>2G, 
·The traditional approximation excludes a zonal Coriolis acceleration component term and 
a vertic·: -:oriolis acceleration component term in zonal and vertical momentum equations 
respecnvely. The usually used name "horizontal Coriolis component" is lOt very proper. 
We will use "horizontal Coriolis parameter" to refer to both Coriolis acceleration 
component terms which associated with the horizontal component of earth's rotation. 
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no such difficulty appears to arise even for a rotating stratified fluid if N>>2!l. the 
expansion in o is regular. However, the difficulty does arise if N>>20 and <r<ill and 
stems essentially from Conolis accelerations coupling betw~ barotropic and baroclinic 
wave motions. The equatorial deep jets appear to be in this difficult range. 
Phillips ( 1968), after a controversy wnh Veronis ( 1968), argued tharit was the 
realistically large stratification that saved the traditional approximation to the full linearized 
equations when the ocean is very thin. However. his argument was in a WKBJ sense 
which assumed that all the coefficients in the linearized equations were constants. 
Furthermore. 1t was assumed in his analysis that waves were sinusoidal in all three 
dimensions. The discussion was only made to the effect of the horizontal Coriolis 
parameter on the dispersion relation. We know that the equatorial waves have a sp«:ial 
property that their meridional structures are trapped near the equator. The wave strucrure in 
the meridional direction is in a guided wave form which is not sinusoidal. The vertical 
Coriolis parameter approaches to zero and the horizontal Corio lis parameter reaches its 
maximum at the equator. The assumptio~ of constant coefficients in the equations is 
quesrionaole since the !3-effect is essential to the waves. Then what is the effect of the 
horizontal Coriolis parameter on equatorial waves, on the dispersion relation and also on 
t..l-te wave spatial structure? What is the dynamical :-ole of the horizontal ::oriolis parameter 
in general equatorial dynamics? Will the inclusion of other physical factors like 
nonlinearity, momentum diffusion and density diffusion make things diff~rent? These 
q~tes..ions a;e still unanswered. Therefore, Phillips' argument is not conclusive and more 
analysis is needed. 
In fact some theoretical analyses have been proposed in literature and some of the 
results have suggested that t.,e effect of the horizontal Coriolis parameter 1s significant It 
was first explicitly incorporated into the limit process producing the Laplace Tidal 
Equations by Miles (1974) who addressed all assumptions by defining appropriately small 
parameters and examining the properties of expansion in them. He found that the boundary 
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value problem for free oscilla:ions of angular frequency cr was not well posed if 
cr1<.N2+4(l2, and that the governing partial differential equation is elliptic/hyperbolic on the 
polar/equatorial sides of the inertial latitudes given by ±a = 2iliinq> if 0<20< <N. The 
coupling betv•een barotroptc and baroclinic modes is unifonn in 0(8) if cr>2Q., but it 
mduces sigruficant currents and vertical internal displacements between the inertial latitudes 
if cr<2.il<<..~."i . This internal displacement could dominate those of the basic monon. but !he 
free surface displacement remams as in the traditional appro:Umation. These two types of 
motion are distinct in the limit 8--70 and permit regular perturbation expansions in 8 if and 
only if cr>2Q: they are coupled for 0>0, and lead to singular perturbation expansions, if 
cr<2n (Miles 1974)_ Low frequency equatorial waves are in the range of cr<20<<..N. It is 
of interest to i..'1vestigate this problem in more detail. Section 7 of this thesis is devoted to 
this srudy. 
Dobryshm.an ( 1980) studied ex.tensively the equatorial atmospheric dynamics with 
s~ial consideration given to the horizontal Corio lis parameter. He always incorporated the 
horizontal Coriolis parameter i..'1 his wave model (1987) and stationary meridional plane 
modon model (1988). It was claimed that the parameter was very importanL However, in 
most of his studies, he always assumed that the pressure gradient was of a special form 
claimed to be consistent with meteorological observations. In the oceanographic context, 
the pressure gradient distribution associated with the oceanic motion signal iil the equatorial 
deep ocean is not clear at all . Pressure perrurbarions need to be computed from the 
perrurbed motion and are essentially an unknown variable. Therefore. in all of our analysis, 
the pressure gradient is only obtained after the fmal equ.1ri.ons have been solved. 
Yrunk and Phillips ( 1968) showed that the neglected Corio lis terms in their study 
were proportional to m 1,3 (rn is vertical mode number) for internal mc<ies and the 
traditional approx.irnation may be untenable for small vertical scale internal waves. This 
result suggested that for small vertical scale internal waves, the horizontal Coriolis 
parameter might be significant 
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:viodels which include the honzontal Coriolis parameter for linear homogeneous 
equatorial ocean systems have been studied in fair detail. Stem ( 1963), Aldridge( 1967) 
and Israeli ( 1972) found axi~ymmetric equatonally trapped normal modes m a rotating 
sphencal shell of homogeneous ~luid that were ex.nngwshed by the hydrostatic 
approXJmation m analytical, expen..-nent.al a.11d numerical approaches respecnvely. 
Bretherton ( 1964) explained these modes as due to continued reflection of low frequency 
menial waves whose group velocHy made a small angle wnh the axis of rotation between 
the bQundaries. 
Grimshaw ( 1975) studied the propagation of inte:nal gravity waves in a vertically 
sheared flow considering the presence of the horizontal Coriolis parameter. He showed 
that it was possible for internal gravuy waves to transmit energy through critical levels if 
cenain relations were satisfied. 
J0yce ( 1988) computed the zonal velocity correction due to the vertical component 
of the Coriolis ~.::eleration ro the usual calculation of geosr:rophic currentS near the equator. 
He found that the correction was significant and reached a peak speed of 10 crnis close to 
the ocean surface. 
The inaccuracies in me3.Suring vertical velocity and pressure anorn.aly prevent us 
from being able to have a direct estimate of dle importance of the horizontal Coriolis 
parameter from real field observations. It seems that this parameter plays a significant but 
not dominant role in many analyses. Its dynamic role is still unclear. 
This thesis is mainly in cwo partS. One develops a simple inertial model for the 
equatorial deep jets and the other is a systematic examination of the role of the horizontal 
Coriolis parameter in several equatorial dynamical models. 
We carefully scale and simplify the governing equations in the equatorial deep ~ets 
regime in Section 3 and find Li-lat neither LI-Ie effectS of horizontal Coriolis parameter not the 
advective nonlinearity can be ignored. After a general discussion of the horizontal Coriolis 
parameter in Section 4 we derive a temporary so called potential zonal vorticity 
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conservation equation in Section 5. A simple nonlinear inertial model is developed in 
Section 6 which is capable of capturing some important features of equatorial deep Jets. The 
(3-effect due to the earth's sphericity confines the jets ro the equator. The effect of densiry 
ar.omaly sets their vertical structure. In SP.ction 7, we study the effect of the horizontal 
Coriolis parameter m equatorial linear tnVlSCtd waves. It is found that the effect on the 
dispersion relation artd the velocity srructures IS not significant because of the presence of 
the realistically strong stranfication. while the effect on the perturbed hydrostatic relation is 
significant within some linuted regions .. After the inclusion of momentum frictior, and 
densiry diffusion in Section 8. it is found that the impon.ance of the effect depends on a 
nondimensional parameter. 'f 2=~~2 :: where fo=2D is the value of the horizontal Coriolis 
parameter at the equator, Avis the venical eddy viscosiry for the momentum and Kv is t.~e 
dissipation coefficient in the density equation. In the nonlinear equatorial deep jets model, 
the effect of horizontal Coriolis parameter is sign.ificanl 
, 3 
Section 3. Scaling and Simplification of Equations in 
Equatorial Deep Jets Regime 
We start from an. equation set umformly valid in Cartesian coordinate (Miles, 
1974). 
(3 . l.a ) 
( 3.l.b ) 
(3 . l.c ) 
(3 . l.d) 
(3. l.e ) 
where the Boussinesq approximation has been used and the basic hydrostatic pan of the 
pressure has been removed. For simplicity, the horizontal diffusion rerms have been 
neglected. It should be noticed that the acceleration tenns associated with the horizontal 
Coriolis parameter are included in (3.1.a) and (3.1.c). Eddy viscosity and density 
diffusivity are Av and Kv, respectively, and will be assumed constant, as will be the 
background vertical density gradient Other notation in the above equations is standard. 
Although it is observed in the equatorial ocean that a mean meridional density 
gradient associated with geostrophic zonal velocity exists (Joyce, 1988), as a flrst 
approxir· ·:ion, we neglect this effect since this mean meridional density gradient is very 
small and can hardly be distinguished from the perturbations. 
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We scale the above equations by the following characteristic scales associated with 
the observed equatorial deep jets. Noticing that the vertical Coriolis parameter vanishes on 
the equator and gets larger away from the equator, the scaling is not completely uniform. 
The following scales are chosen to characterize the equatorial deep jets. 
t : T ~ 4 years = 0 ( 1.3 x 108 sec) 
x: L~ = 10,000 krn = 0 (109 em) 
y: Ly= lOOkm =0(l07cm) 
z : D = vertical range of Equatorial Deep Jets, D= 2,000m = 0 (2 x 105 em) 
u: U = 0 (20 cm/s) zonal jets velocity magnitude 
v: V = U = 0(20 crnls). Measurements suggest that v and u are of same order 
although v is more variable and is a little smaller than u. 
w: W =OILy U. This relation is from the continuity equation and is due to the fact 
that Lx>>Ly (see below) 
P : Po = p0U~L~ This scale is chosen so that the meridional momenrum equation 
is almost in geostrophic balance. That the zonal velocity could be calculated by geostrophic 
method was reasonably well confmned by direct cum:nt meter measurement although the 
noise level was high (Eriksen, 1982). Greg Johnson (private communication) showed me 
some density and N2 section contours which indicated that there was a trapped density 
pattern near the equator between 1° Nand 1° S. ofvenical scale 0(400m). 
p = magnitude of density perturbation, 
Near the equator, the following approximations are highly accurate 
sinq>- <p = y/a (I)-plane approximation) 
cos<;> -1 
The nond.imensionalized equations are 
S - + b1 u-+ v- + w- - yv + I1w au ~- au au au) 
at ax oy az (3.2 .a) 
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where 
s = __l_ 
~LyT 
81 = LyiLx 
F= 
ap iu 
= --s1-+ Ev-
ax az2 
s av + of Ot u av + v etv + w av) + yu 
at \ ax (iy az 
ap iv 
=--+Ev-
dy az2 
2 aw ~ ~ aw aw aw l OiS- + 02 OtU- + v- + w--J-Ilu 
at - ax (iy az 
ap 2 iw 
= --- Fp + OiE v-
az al 
Ot Ux + Vy + Wz = 0 
ap ap ap ap HaPo St-+ OtU-+v-+w-+ _ -w 
at ax dy dZ p dz 
(j2p 
-K-
- v(jz2 
Ly St=-TU 
(3.2.b) 
(3.2.c) 
(3.2.d) 
(3.2.e) 
(3.3) 
WiL~ typical EDJ scale and the following parameter values: a= 0 (6.4 x 103 km) = 
0 (6.4 X 108 em), fo,. zn = 1.4 X lQ-4 rad/sec (the value of horizontal Coriolis parameter 
at equator),~ 2 x lQ-13 rad/(cm s), Av = Kv = 0(102 cm2/s) ( The estimates of Av and 
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Kv have many uncertainties; we temporanly choose this ordtt in the calculation of 
nondimensional numbers). Then, we have 
S = 3.3 X lQ-3 
8t = to-z 
Ev = 10·3 
f1: L.O 
R = 1.0 
~ == 2 X 1()·2 
Sl = 8 X 1Q·3 
where R and IT characterize the size of advective nonlinearity and the horizontal Coriolis 
parameter related acceleration terms in the equations. It is seen that in the equatorial deep 
jets regime, neither of these two effects can be neglected at least by scaling argument 
In the limitS~. St~. 8t~O. ~~.we have our simplified equations 
o/ v ou ... w ou}- yv + w = Ev C¥u 
'\ oy az az2 
(12v 
F .. -
-· oz2 
where k == H dPo 
-az p 
(3 .4.a) 
(3.4.c) 
(3.4-.d) 
(3.4.e/ 
This is the governing equation set for equatorial deep jets. F is hard to estima:e 
because we do not have the magnitude of the density anomaly which is associated with 
deep jet flow. F-4 0 implies that the density field can be determined passively from the 
known velocity field. This d.e:oupling between the density equation and the momentum 
equation greatly ~implifies the mathematical complexity. For a homogeneous ocean, this 
decoupling is always true. However, in ali of our ciiscussiun:), F i5 fuji zero. 
The density equation suggests that the conventionally approximated equation 
(ap apo ) usually used in wave model at - w az = 0 overemphasizes the import.ance of the 
vertical stratification in temporal density variations in the case of interest. For very low 
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frequency motion, effef:ts of advecove nonlinearity and diffusion of density need to be 
considered. 
The zonal pressure gradient is ignored after using the scaling argument From 
observations we know that there is a strong P x in the upper 200m of equatoriai ocean. 
which is believed to be generated by westward trade wind and drives the Equatorial 
Undercurrent However. under the thermocline. the gross isothermal lines are almost 
horizontal. There is no evidence that on a basin wide scale the zonal pressure gradient 
below the thermocline is significant. 
The assumption of no zonal variation is the approximation which was also used in 
many undercurrent models (Stommel, 1960, Charney, 1960) although the zonal pressure 
gradient was assumed to be constant in Charney's model. These models also assumed that 
the surface layer was essentially decoupied from me deep ocean. The thermocline works as 
a solid wali which blocks the mass and momentum transfer to the deep ocean. To study 
deep ocean phenomena, this Llock has to be removed. 
Most equatorial dynamical models neglect the horizontal Coriolis parameter effect 
One of the reasons for this is probably that these models were developed to model the 
eq!.!~torial undercurrent and other surface trapped currents. The vertical scale associated 
with them is so small that the horizontal Coriolis parameter is not important However, for 
the equatorial deep jets, although the vertical scale for any c,ne jet is small, the overall 
vertical extension of multiple jets is large, so the effect may not necessarily be neglected-
The next section is a general discussion of the horizontal Coriolis parameter from 
the point of view of the conservation laws of angular momentum and of kinetit: energy. In 
section 5 and se~tion 6, an in viscid case of governing equations (3.4.a)-(3.4.e) is 
discussed. A so called potential zonal vorticity conservation equation is obtained and a 
nonl.inear equatorial deep jet model is developed. 
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Section 4. General discussion on the horizontal Coriolis 
parameter 
The relative importance of two the Coriolis acceleration tenns in the zonal 
momentum equation is 
2ncosq>w cosq>w 
Y= = ---
2nsinq>v sin<pv ( 4.1) 
where the numerator is associated with the horizontal Coriolis parameter and the 
denominator is associated with the vertical Coriolis parameter. A..ftq using the following 
approximation close to the equator 
cos <p -1 
sin<p-<p=y/a 
where a is the radius of earth, then 
aw 
·r =-yv 
(4.2 .a) 
(4.2.b) 
(4 .3) 
For many equatorial phenomenon, the zonal scale is very long, and the scale of w can be 
obtained from the continuity equation as 
o (W) = o(t; u) (4.4) 
where H is defmed as the depth of the ocean, Ly is the meridional scale of the motion. 
:-.low 
( 4 .5) 
when y is small, close to the equator, Y>>l, and when y is large, away from equator, 
Y<<l. We de" ne a meridional scale Ly as the distance away from the equator where the 
two Corio lis terms are of same imponance. 
aH 
·:=- = 1 
' ' L-y 
Ly = vaH 
(4.6) 
(4.7) 
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For typical oceans, a= 6.4 x 106 :n. H = .5 x 103m, then Ly = L80 km. which is about 
l.5°N or 1.5°S away from equator. For the atmosphere, if we choose height scale. H = 
l8 km then Ly = 340 km, which is about 3°N or 3°S away from equator. The above 
argument seems to suggest that the C0riolis component associated with the horizontal 
component of earth's rotation 2.ncos<p ts not negligible within a significant mendional band 
( -Ly. Ly ). To study this in more det4il. let us look at its role from the point of the view of 
the principle of angular momentum conservation. 
The exact anguiar momentum principle is 
d r ] dt l rcos<p (u + Orcos<p) = F IJ"COsq> (4 .8) 
which can be obtained from the zonal momentum equation 
®. = FA. + {20 + _u_) (v simp- w cos<p) dt rcos<p {4.9) 
d a u a va a 
where 
dt::;; dt.,.. rcos<p oA. + r Oq> + wdf 
FA. is the total zonal external forcing exerted on fluid element under consideration. 
A dimensional conservative form of Eq.(3.4 .a) can be written .lS 
~ [u -0 y2 + 2nz] = F x dt a ( 4.1 0) 
d ' a a 
where di ::;; vdY + wdz and the coordina;e system is set so that z is positive upwards and 
z = 0 at ocean surface, y = 0 at equator andy is positive nonhward. It can be seen that if 
the term 2Qcos<pw is neglected in the zonal momentum equation, then the third tenn on the 
left hand side of ( 4 .1 0) 2Uz will disappear at the same time. Equation ( 4 .1 0) means that 
the a"lgular momenrum u - Q y 2 + 2Uz is constant along a streamline in the meridional 
a 
plane if Fx = 0. 
Under the scale of interest, we can also derive (4.10) directly from (4.8). Wrire r:: 
a+z. where a is the radius of the earth defined as the distance from the center of the earth to 
ocean surface, for shallow ocean Z<<a. Noticing that 
20 
the angular momentum in the argument of (4.8) can be approximated as 
rcosq>(u+Orcosq>) 
' cpl2 
= (a+z)(l -~ )u + Q(a+z)2(1- T) 
= au + Q(a2 + 2az)( l -<p2) + 0(z2, zu, zq>l, cp4) 
n 
= Qa2 + a(u- -y2 + 20z] 
a 
( 4. 11) 
(4.12) 
Apart from an additive constant Qa2 and a multiplication constant a, the conserved 
identity is just [ u - ~ y2 + 20z], which is exactly the same argument on the left hand side 
of (4.10). Therefore, (4.10) is consistent with the principle of angular momentum 
conservation if the equatorial !}-plane approximation and the shallow wat..'I' approximation 
HI a<< 1 hold In another words. to have a consistent angular momentum conservation 
principle, 2lli should be kept in the approximate angular momenrum expression. Far from 
n 2 
the equator. 2ili is much smaller than a y and the latter term dominates. The latiru.de at 
which these two terms are of the sa.-ne order is 
n , a-L)r=20H~Ly= Y2nH 
which is the same to (7) apart from a factor of -../2. 
(4.13) 
If the proi~ction of a three dimensional particle path on the meridional plane is a line 
A-B-C as shown in Fig.4.1, then this line is a streamline on that plane. A fluid particle 
moves upward from A in equatorial deep ocean to near swface B, then moves poleward to 
position C. Denoting the vertical and horizontal excursions as t,z and D.y respectively, and 
assuming r x=O, there is no net zonal angular momentum torque forcing, the zonal velocity 
at A and C relative to u(B) are 
u(C) - u(B) "' ~(6y)2 
2 
u(A) - u(B) "' fo D.z 
(4.14.a) 
(4.14.b) 
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Equation 4.14.a is just the simplest form of the conservation of vertical potential vorticity 
(planetary vorticity in this case). It approximately expl.lins the trapping of the equatorial 
undercurrent according to fofonoff and Montgomery .; 1955) and Pedlosk:y ( 1987). for 6.y 
= 350 km. u(C) · u(B) = l20crnls, this value is very cL:>se to the magnitude of the 
equatorial undercurrent velocity. for fo = ill= 1.4 x lfr4 radlsec, 6.z = 5 km. a velocity 
difference berween ocean surface and ocear. bonom is about 70 cmls. The same amount of 
velocity difference can be attained by a meridional ex.:ursion of 6.y = 250 km. Of course, 
the vertical. excursion 6.z of real motion will not be J.!!. large as the ocean depth generally. 
For example, the presence of the stratification will pn:vent so large an excursion from 
occurring. However, the effect of this difference can be strengthened or weakened. by the 
existence of zonal pressure gradientS and other zonal forcing. Since the effects in different 
dynamic models are different. separate discussions in specified siruatio~s are needed. The 
next several sections are devoted to that A general conclusion, however, is that close to 
equator, within IYI d'I Ha. the Coriol.is acceleration texm 2fkosq>w cannot be neglected in 
the momentum equation if the angular momenrum conserv::.tion princi!'le is to be satisfied. 
From all three governing mon~~nrum equ4rions. we can obtain an energy 
conservation principle by multiplying .he zo11.al, meridional and vertical momentum 
equations by u, v , w, respectively a11d Ll-ten summing 
_.~(u2 v2 '""2} - " - -f ~ T+T +·z- =-u• vP..-u• (4.1 5) 
It can be seen t."lat if the Coriolis acceleration term -2fkos<pu in the vertical momentum 
equation is neglected, then the energy equation (4.15) will be incomplete. There would be 
an extra term -20:osq>uw on me right hand side of (4.15). Although the inaccuracy maybe 
small, after a long time integration of the governing equation the distortion of fluid motion 
due to the small incompleteness in energy conservau.on may be significant. [n the parameter 
range of interest, ( see Section 3), this incompleteness is significant. So we reac·t another 
conclusion, to satisfy the energy conservation equation , the vertical Corio lis acceleration 
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term should be retained in the vertical momentum equation as long as 2ncoscpw is 
important in the zonal momentum equation. 
~ost work on equatorial dynamics has concentrated on the upper ocean (shallower 
than 300m) phenomena, so the effect of horizontal Coriolis parameter is very weak because 
of the short vertical ranges. However, many papers scaled the horizontal Coriolis parameter 
to be negligible, even when the vertical scale was chosen to be the ocean depth, as in 
Moore and Philander ( 1976). The reason may be due to their s~ial choice of rr.erid.ional 
length s<:ale Lx :;: Ly. [t would not be very proper to scale many strongly merid.ionally 
trapped narrow equatorial currents including deep jets as Lx = Ly. 
The equatorial region where the horizontal Coriolis parameter is significant is small. 
about 1 °N - l 0 $, and the analysis of the fluid dynamics within this region may be very 
different from that outside. In mid-latitude f = 2Qsincbo + !3y, the two parameters 
'2iliin<PQ and !3 are all important, and 2nsin~ is the principal factor which satisfies the 
geostrophic relation approximately. \Vnile at the equator, the !3 effect is dominant, 2Gsin<PQ 
-4 O.The closer to the equator, the larger is p. The !3-effect is mo11.: significant in lnw 
latitude than in high latitude. This may be the reason why that in low latitudes, the flow 
tends to be more zonal than in mid-latitudes. The m.a.in feature of the equatorial dynamics is 
that as the vertical Coriolis parameter approaches zero, the horizontal Coriolis par.uneter 
reaches a rnax.imurn of mas the equator is approached. 
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Section 5. Potential zonal vorticity conservation 
To have the physical meaning clearer during th:: mathematical derivation. we w1.1l 
use the dimensional variable formulations. from (3. l.a)- (3.1.e), by assuming two 
a a 
important equatorial deep jets fearures . ~ = 0· a)( = 0, and neglecting dissipation, we 
have Ju au 
v - + w - - (3yv T fo w = 0 ay az (5.l.a) 
av OV , ap 
v - + w - + (3yu = --'--ay az Po 2Jy (5.l.b) 
a w a w 1 ap P v -+ w--fo u=- -----g 
a y a z Po ifz Po (5 .l.c) 
ap ap a Po 
V-+W-+W--= 0 
ay az a z (5.1.d) 
dV OW O dy+az= (5.l.e) 
a Po 
where az is the mean background vertical density gradient, a function of z only. 
It is easy to rewrite (5.1.a) and (5.l.d) as 
(v ~ ~ w :J(u- ~;2 +foz) = 0 (5.2) 
(v~+w!J(P+f~+o (5.3) 
Eq. (5.2) and (5.3) are angular momenrum conservation and total density 
conservation respectively. The zonal angular momentum consists of three pans, the pure 
zonal velocity relative to the earth, and the effects associated with the vertical component 
and the horizontal component of the earth's rotation. The surr. of the latter two parts may be 
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called the planetary zonal velocity, Up = - ~~2 + foz since both of them are related to the 
eanh's rotation. 
If wl! defme a streamfunction q) in the meridional plane as 
dq) dq> 
V= -- W=-
az ' ay (5.4) 
then, 
(5 .5) 
(5 .6) 
where Q1 ( cp) and <h< cp) are two arbitrary functions of Q). So in this case, the zonal angular 
momentum and total density are conserved along streamlines in the y-z plane. 
Another conseiVation equation can be obtained by elirnin.ating the pressure P from 
(5.l.b) and (5.l.c) and fonr.ir,g ;:m equation for the zonal component of relative vorticity 
[vi_+ w~ l (~- awl ~yau + f~= gap (5.7) ay az J . a z a y r az ~ p 0 ay 
The zonal component of relative vorticity is 
nx= (·~-~) = -(L + L) cp 
a z a y a y2 a z2 (5 .8) 
Its variation when a fluid particle moves along a streamline in the y-z plane is 
affected by: 
au au (a) ~y az + fo-ay ; the scalar product of the Coriolis parameter f = ( 0 , fo, ~ y) and the 
au au 
. h 'Vu- r Q - - ) 
zonal velocity s ear - ' ' • . a y a z 
g a P 
(b) Po a y ; the meridional gradient of gr ctVity force variation due co the presence of the 
meridional gradient of densicy anomaly. 
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Notice, by using (5.5) 
du au ~Y-+ fo-
-, ""\ 
oz ay 
~~ dQl 
= ( ~ y- + fo--) 
dZ dy 
dQl ~ O<p 
=-( ~ y- + fo--) 
d <p az ()y 
= d Ql J { q>, (- ~y2 + fo z)} 
d q> 2 ' 
( d Ql { ~y2 . }) = J <p, d q> - - 2- + to z (5.9) 
where the operator J (q>, .) is the Jacobian. and using (5.6) 
a p a ~ d Qz a (!) ct ~ ctQz 
-= -- = --· =-J ( q>, Z) =J ( <p, Z -) 
ay ay d<p ay ct<p d<p (5. 10) 
So, equation (5.7) can be transformed into 
2 dQl ~y2 g dOl J ( q>, -V q> + - ( - + foz) ---- z ) = 0 
d <p 2 Po d q> 
(5. 11) 
The second argurnent in (5.11) is a conserved quantity along streamlines in the 
n:eridional plane, that is 
2 dQl ~y2 g dQz 
-V <D + - . - ( --+ fnz) - - -- z = f"'L(m) 
· a q> · 2 · · Po d <p ""3 .,.. (5.12) 
This conserved quantity may be called the zonal potential vorticity and is composed 
of three parts 
(a) -V2q> , pure kinematic relative zonal vorticity; 
(b) ~~ (- ~~2 + foz) , the variation of zonal momenrum across meridional streamlines 
multiplied by planetary zonal velocity; 
(c) - Pgc ~; z , the variation of total density across meridional streamlines multiplied by 
the geopotential. 
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Equation (5.12) in the absence of Coriolis paramecers l the second term on the left 
hand side of the equation) has been derived by Long (1958) and Yih (1960) for a non-
rotating stratified fluid system. The solutions of their linearized equations were discussed •n 
detail and could successfully explam the phenomenon of flow over a barrier and flow mto a 
sinlc. We will explore the equatonal deep je: solution of the potential zonal vorticity 
conservation equation (5.1 2) when the second term is included in the next section. 
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Section 6. An inertial equatorial deep jets model 
As re"'iewed in Section 1. we know that linear equatorial wave models are 
incapable of fully explaining the deep equatorial deep jets due to the dlfficulty in showing 
how wind generated energy propagates down to the deep ocean. The following question 
was raistd.. Can this phenomenon be explained as free, menial motion in the deep ocean 
below the thermocline? From the scale analysis using observed magnitudes of the 
phenomenon. it is seen that the advective nonlinearity cannot be simply neglected. 
Although many equatorial phenomenon can be successfully interpreted by linear wave 
models, even these phenomena may be in nonlinear range. It is still an interesting question 
as to wh.at is the effect of nonlinearity. This section proposes a nonlinear inertial model for 
the equatorial deep jets. 
From the l.ast section, we know that steady, zonally independent equatorial ocean 
dynamics are gcverned by three fl.:rst integrations. They are: zonal angular momentum 
conservation (5 .5). total density conservation (5 .6) and the potential zonal vorticity 
conservation (5 .12). We expect that the equatorial deep jets can be describerl by these 
C·)nservarion equations. To discover exact solutions of them, it is natural to consider. as a 
first step, the circumstances in which the potential zonal vorticity conservation becomes 
linear in <p. At this stage, one may hav•! two different approaches. Since the functions 
Q1 (<p), Q2(<p) and Q3(<p) are related to the conditions away from the deep jets, one may 
eith~r try different far field conditions and ')ee whether these conditions will make the 
equations linear, or assume the equations to be linear to start with and inquire as to what the 
corresponding conditions must be. It is difficult for us to follow the ftrst approach since it 
is as yet unclear what kind of relationship exists between the equatorial deep jets and the 
ex~-equaroria1 deep flow. It is also not clear how surface wind stress forces t.he deep flow 
by penetrating through the equatorial undercurrent Therefore, we will adopt the second 
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approach. This is evidently more exhaustive and more econorrucal if the linearized 
equations are adequate. Of coune, this is an ad hoc assumption. It is equivalent to 
choosing a type of solution from an infinite number of possible solutions. The most general 
linear form of Eq.(5. 12) is 
1 i3 y2 g 
· 'V-q> + (A q> +- B ) (- -- + fo z)-- z ( C q> +D)== E ~ + F (6.1) 
2 Po 
where three arbitrary functions are chosen as dQ1 = Aq>+B, d02 =Cq>+D, ~::Eq>+F .It is 
dq> d<p 
observed that the equatorial deep jets are strongly trapped near equator, and we assume that 
away from the equator, the meridional and vertical motion will approach z.ero, q> ~ 0, 
which requires from (6.1) 
(6.2) 
At this stage, assumption (6.2) is the best assumption we can make. ( A even stronger 
condition, is v = 0, in the Kelvin wave model.) 
Then the corresponding arbitrary functions are 
Ql(<?)::~2+Q1Q 
.. 
~(<p)::~2~Q2o 2 
Q)(q>)==Eq> 
(6.3.a) 
(6.3.b) 
(6.3.c) 
From (5.4), (5.5) and (5.6), the zonal velocity, meridional velocity, verticai velocity and 
density spatial structure can be written as 
u == ~Y2 - foz + A~/2 + uo 
2 
a<D a<t> 
V==--· , W==-
dZ dy 
p + f a Po d z == C q>2t2 + Po 
dZ 
(6.4} 
(6.5) 
(6 .6} 
where tl-_' constants U() and Po are used to replace Qw and Qlo. They can be obtained after 
the strearnfunction has been computed from the potential zonal vorticity equation. It is 
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noticed here that zonal velocity u consists of rw-o major parts, the planetary zonal velocity 
and a perturbation part. We explore separable solution of (6. 1) now under condition (6.2), 
let 
<0= Y(y)Z(z) 
then the equaoons for the meridional structure and vertical structure respectively c.re 
Y" + ( ). 2 + A ~y2 ) Y ~ 0 
2 
Z" .,. [E -A.2.,. ( ~ - Afo ) z I Z = 0 
Po 
(6.7) 
(6.8) 
(6.9} 
The double prime " stands for the second derivative with respect toy and z in (6.8) and 
(6.9), respectively. TheY structure equation is an eigenvalue problem with Hermite 
functions as eigensolutions which are all trapped near the equator if condition Y 4 0 as y 
approaching to infinity is used. Let 
y = Ly:; 
where Ly is a meridional trappi.rtg scale, ; is nond.imensional. then 
d2Y ~ [A. 2q +A ~q~2/2] Y =0 
• ~ 2 
a; 
Having eigensolutions requires 
A ~LiJ2=-l 
A.~~= 2 j +1 j=O, 1 ,2,3 ... 
then 
where 
(6.10) 
( 6.11) 
{6. 12} 
(6.13) 
( 6.14} 
(6 . 15) 
Eliminate Ly2 from (6.12) and (6.13), let Aj be the eigenvalue corresponding to the 
jth mode Yj, then 
(6. 16) 
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We notice that there are many arbitrary constants in this model. These constants 
can only be determined by fitting the solunon to the observed features. So this model is 
only a qualitative model used to see whether a pure free, inertial equatorial deep jets model 
is possible. Eq. (6.16) states that the coefficient A has to be negative to hav: real 
eigenvalues. The first three horizontal structure eigenfunctions of (6. 14) are shown in 
Fig.6. l.(a), Fig. 6. l.(b) and Fig. 6.l.(c), where; is a meridional nondimensionalized 
coordinate. The trapping scale Ly from (6.12) is related with~ <md A. where~ is 
associated with the eanh's sphericity and A characteriz.es the amplitude of the alternating 
pan of the zonal velocity in (o.4). Because this model is nonlinear, the amptitudes of the 
velocities c.an be finite. The vertical structure equation becomes 
Let 
Z" + [E -(2j+ 1 )" ~ + ( .!_c - Afo ) z ] Z = 0 V -2 Po 
8t = E- (2j~l) {4 
C1 ~ = ..!?.....C - Afo 
Po 
and change the coordinates such that 
(8 t+~z) =a2rl 
(6 . 17) 
(6 .1 8) 
(6. 19) 
(6 .20} 
where the transformed coordinate 11 is posii.ive everywhere to have osculating solution 
Z(z). Since z<O e verywhere, we need 82 < 0 . Since Afo < 0, C must be negative. The 
effects of r.he horizontal Coriolis parameter come from two places. A direct addition of 
constant vertical shear foz to the zonal velocity (6.4) and some effect associated with Afo in 
the vertical structure equation (6.17). Notice from (6.4) and (6.6) that Cis the amplitude 
of density a.11omaly and t.hat A is the amplitude of zonal velocity anomaly. The significance 
of this secon i effect depends on the magnitude of A and C. If the streamfunction is 0 (¢>), C 
is of the order of the densiry anomaly, 0 ( w-3; ¢>2) x Po then A is 0( lOcm/s I ¢12 ). Thus, 
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gC!po is much much larger than Afo- So the effect of horizontal Coriolis parameter in the 
vertical structure function is not important. The only effect is in the background zonal flow. 
a can be chosen such that Tl is a nond.imensional variable. If 81 > 0, the ocean 
surface z==O corresponds to 11= O} /CI2 >0. Except for a translational change to vertical 
structure, we can assume E=O without affecting the solution. E=O and F:O in equation 
(6.1) means that we have assumed constant potential zonal vorticity. This indicates that the 
potential zonal vorticity d~s not change in meridional plane for all streamlines. Let 
then 
l-=g!_ 
8~ 
(6 .21) 
here the index j is attached to the constant y and the vt!rtical structurP. function Z since they 
are j dependent. Its solution can be obtained as 
Zj(11 ) =11 1' 2[ CjJ lt3(trjl1 3' 2)+djJ -1t3(}Yjll 3' 2) ] (6 .22) 
lf we im:x>se Z=O at two fixed depths, possibly represenri.ng the bottom of 
thermocline and the ocean bottom. then (6.17) is also an eigenvalue problem. Here we have 
too many undetennined constants, so we only examine the qualitative behavior of the 
structures of the solution. The vertical structure J 113 is shown in Fig.6.2, 11 is a vertical 
nondimensionalized coordinate, when "Yj'= 1. This structure oscillates and its amplitude 
decreases with de~th. The oscillating vertical scale is also decreasing wi~ depth. Anotha 
root 1 _113 is of very similar structtJ..re except with a phase difference. The contocr of the 
streamfunctions for the first three horizonra.l structure functions and the vertical structure 
function 1113 are shown in Fig.6.3 .(a), Fig.6.3 .(h) and Fig.6.3.(c ). The general solution 
of the srrearnfunction is 
<p = L, YJ(y) Zj(z) 
J:O 
(6.23) 
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Note that the solution we have obtained is in a nonlinear flow regime and the 
amplitudes of all variables need not necessarily be infinitely small. Streamlines. q> are the 
contour lines in the meridional plane corresponding to the projection of fluid particles in 
three dimensional space onto the meridional plane. It is clearly equatorially trapped. The 
vertical structure is oscillating with depth. The vertical scale decreases with depth and the 
amplitude also decreases with depth. 
The meridional velocity and vertical velocity contours in the meridional plane for the 
fl.rst mode are shown in Fig. 6.4 and Fig. 6.5 . :-.rotice that the meridional velocity becomes 
larger in the deep ocean as the vertical scale of the streamlines becomes sm.ailer. This rnay 
not be realistic. However. our model neglected the effects of diffusion. Diffusion has a 
more significant effect on deeper small scale motions. The model shows that the vertical 
scale gets smaller in the de~per ocean. so the diffusion can dissipate the deep features 
away. Thus the inclusion of dissipation may prevent the meridional velocity from 
increasing with depth. The density anomaly structure is shown in Fig.6.6. It is oscillating 
with respect to a mean which is increasing with respect to depth. This structure is not 
necessarily unstable due to the presence of an acceleration toward the center of curvature in 
the cell trajectory in the meridional plane. This density anomaly is also trapped at the 
equator and with a vertical oscillating scale the same as Lf)at of the zonal velocity. 
We can still see some featu...""es ofEDJ in the very deep ocean from the 
observations, but they are quite obscure. The effect of the bottom on the EDJ is not clear. It 
seems that different dynamics a-e involved near the ocean bottom. So, a bottom boundary 
condition i.s hard to propose. A similar problem occurs in the upper ocean for the upper 
boundary condition. We know that the Equatorial Undercur.ent above the EDJ and t'1e 
oLJ,er currents like the North Eq•.:atorial Current, South Equatorial Current, ~orth 
Equatorial Counter Current and South Equatorial Counter Current all complicate the 
problem. It is believed that surface wind stress and the associated surface zonal pressure 
gradient are important for these surface or near surface current systems, especially the 
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Equatorial Undercurrent. The connection between this system and the equatorial deep jets is 
not clear. So a suitable upper boundary condition is not available. Even the meridional 
condition we have used as q3 ~ 0 is not completely unarguable. These difficulties 
prevented us from choosing the arbitrary functions Q1, Q2 and Q3 more realistically and 
from determining the constants in the expressions for velocity and density more ngorousiy . 
We can only describe the spatial sauctures of these variables in a very qualitative way . 
The full solution of q> compnses many modes. All of these modes are equatorially 
trapped and alternating in the vertical. The projection of motion in the meridional plane 
appears as multiple cells. Higher modes correspond to more cells in they direction . It is 
seen from the horizontal structure equation (6.11) that the ~effect is the main reason for 
trapping. 
The zonal velocity, u, of (6.4) is composed of four additive parts. 
( 1) ~y2J2, the contri"Wuti.on of the vertical Corio lis parameter in the zonal momentum 
equation. It increases with latitude, the distance away from equator. So this zonal velocity 
part is eastward away from eq~3.tor relative to the flow on the equator. IfLy = lOOk.m = 107 
em. This part is 0(10crnls). 
(2) foz, the contribution of the horizontal parameter in the zonal velocity. This provides a 
constant vertical shear. The deeper fluid moves easrward relativ~~ to the parti.cie above it. If 
z.=lkm=10Scm, this part is 0(10crnls), which is significant. 
(3) tl(), a constant which can r.ot be determined here. 
( 4) Acil/2. The zonal velocity part associated with the meridional motion . It is oscillating 
vertically about a mean which is increasingly westward in shallower ocean. 
If fo = 0, this large scale mean shear will disappear, but the alternating anomaly part still 
exist. 
P>..netary velocity is defined as u? = ~y2 • 2lli in section 5 since both terms are 
2 
associated with the rotation of the eanh. The angular momentum conservation states that for 
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stationary, zonally independent equacorial flow, the zonal velocity has a background 
contribution ul). Since the dynamics of the upper equatorial ocean is controlled by surface 
forcing, the 'NeStward trade wind acts as a main driving force to the equatorial upper ocean 
current system. The background zonal velocity up makes sense only in the deep equatorial 
ocean below the thermocline and very close to the equator ( a requirement of the !>-plane 
approximation). The free inertial :nodel shows that the equatorial deep jets are 
superimposed on this background mean planetary flow. The following is to review some 
observations which are consistent with this result 
The planetary zonal velocity is composed of two parts. The first part is a 
parabolically distributed zonal velocity in the meridional plane. The zonal velocity of the 
fluid away from the equator should move eastward relative to the fluid motioo on the 
equator. The second term is associated with a vertical shear. The zonal velocity (positive 
ref:;n to eastward) increa.s¢s for the deeper flow. The deeper fluid moves eastward relative 
to the zonal motion of shallower fluid. 
(a) Indian Ocean. 
fig.6.7 shows the zonal velocity profiles ~bser ;>ed by Luyten & Swallow (~976) in 
equatorial Indian ocean. These proflies are m.adc from stations distributed on the equator. It 
is seen that a mean vertical shear exists for all proflles in the upper 2km.. 
fig.6.8 is from Ponte and Luyten (1990), (a) and (b) are observed three month 
apart. It is very clear that a mean vertical shear exists for all profl.les in the upper 3()C()m_ 
(b) Pacific Ocean. 
Fig.l.l is from Firing ( 1987). This is an average of zonal velocity over 21 cruises. 
The shaded area moves westward. The unshaded area moves eastward. It is seen that there 
is a mean vertical shear. The fluids at depths between 200m and lOOOm very close to the 
equator generally move westward, while the fluids below 1500m generally move eastward. 
It can also be seen that at latitudes, 1.5° Nand 1.5° S, there are two big blocks of fluids 
moving eastward. This can fairly well be described as planetary zonal vekx:ity. 
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Fig.l .2 and Fig.l.3 are taken from Ponte and Luyten (1989). They are zonal 
velocity profiles along equator (Fig.l.2) and across equator (Fig.l.3). Fig. l.2 again 
shows a mean vertical shear in the upper 30Cl0m of the ocea~  The shears in all profiles are 
highly correlated. Fig.1.3 shows the profiles of stations along a latitudirl.al section at 138o 
W. The five profiles close to equator show the vertical shear in the upper 2()(X)m. The other 
two proflle~ located on 2° Nand 2° S both show a eastward flow in the upper lOOOm.. 
Fig. 6.9 (Hisard et al. 1970) and Fig.6.10 (Wyrtki & Kilonsky, 1984) are contours 
of zonal velocity along meridional sections. The measurements are too shallow, only 
extending to 500rn and 400rn, respectively. However, the eastward i1ows can still be seen 
about 1.5° away from equator. The upper portions of these two eastward flows are 
sometimes called subsurface counter currents and are usually below thermocline extending 
to depth. 
(c) Atlantic Ocean. 
Fig.6.11 (Ponte, et al. 1990) was the only profl.le available to us for the Atlantic 
Ocean which also indicates a mean vertical zonal velocity shear on the equator. 
Equatorial planetary zonal velocity is widely observed in all three major equatorial 
oceans. This is the background ·~ge scale (relative to the size of the deep jets ve:ti.cal scale) 
mean motion. Thus observation confmns one of the results of the inertial model (section 
6), that the equatorial deep jets zonal velocity signal is superimposed on a mean 
background zonal planetary velocity. Although most measurements mentioned aoove are of 
short temporal duration, the equatorial planetary zonal velocity patterns can be seen in all of 
these observations. 
So, the zonal flow is oscillating vertically relative to a larger scale mean mouon 
caused by the planetary zonal velocity and a part from the anomaly itself. The small vertical 
scale part is also rrapped near the equator. 
Although. it is impossible to determine all the arbitrary constants i.:i the model due to 
insufficient infonnarion on boundary conditions and far field conditions, we can do a 
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consistency check since most of these constants are interrelated. The strategy is to suppose 
that a single mod~ can inteprete the equatorial deep jets, and asswne the magnitude of the 
merional streamfunction is of order<!> =0(5x i06 cm2/s), and then calculate the magnitude of 
the other vanables based on some known information to see if these magnitudes are close 
to reality . 
From (6.5), the magnitudes of the meridional :md vertical velocities can be 
evaluated as 0(v)=0(¢>1H) = 0((5xlo6)/(5xl0S)) = O(lOcm!s), O(w) =0(¢>/Ly)= 
0(5xlo61107)= 0(0.5cmls). The vertical alternating scale can be estimated in the following 
manner. From the vertical structure Fig.6.2, it can be seen that the alternating scale in the 
nondimef'sional variable 11 is 0(1). Then from (6.20), the dimensional vertical scale is 
L2=a2/~.Since Y= 1 is used in the plot, a2=~213 from the relation above (6.21 ). ~=gCipo 
from (6.19) because the second part is very small as justified before. Then, 
L2= 1/~ l/3=(gC/p0 )-113 =0 (gx 1Q-3t ¢2)-113. If we plug in g= 1Q3 cm!s2 ard 
q>=0(5x106cm2/s), then Lz=0(3x104cm). Suppose the perturbed part of the zonal velocity 
(6.4) is of order 0( lOcrnls), Acl>2=0(10crnis), then A=OA.x.lQ-12 s/cm3.Then, the 
meridionale-folding scale Lycan be estimated from (6.12) as Ly=0((2/(3A)114) = 2x106cm. 
Therefore, it is seen that if we assume the equatorial deep jets are a single mode of 
LI-te free , inertial motions, the magnitude of all the variables except the meridional length 
scale can be reasonably well fitted with observations. The model gives a meridional length 
scale about five times smaller than that observed in reality. Several factors could modify the 
meridional scale, including changes in the arbitrary chosen functions, and the presence of 
dissipation. Exploration of these effectS is beyond the scope of the present work. 
This model in the nonlinear flow range presentS some observed equatorial deep jetS 
featu.res. However, it still has several defects. The velocity and density structures are still 
arguable compared to observations. Both the horizontal and vertical viscous effects, the 
thennodynamic forcing effect and the zonal variation effect are all neglected in this model. 
However, it does show that the interpretation of equatorial deep jets in terms of free, 
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inertial flow is possible, if more physical factors are included and more observational data 
are known to provide better choice of the arbitrary functions. It is the advective nonlinearity 
which is responsible for the existence of the alternating deep jets. Tn funher study this 
phenomenon. analytical solutions of the zonal potential vorticity equation with the different 
types of conservative functions are needed. A complete understanding would require 
numerical computation. For a three dimensional steady numerical mode!. very few zonal 
grid points or modes are needed. 
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Section 7. Role of horizontal Corio lis parameter in linear 
equatorial waves 
It is argued in Section 2. that the role of the horizo~,tal Corio lis parameter in 
equatorial dynamics is n<>t very dear. We will exa.T.ine its role in two linear cases. ( 1) 
in viscid three dimensional low frequency waves. and (2) steady, viscous linear motion. 
Using the traditional approxin'lation, equatorially trapped waves have been studied for 
many years ( Matsuno t 966, Moore and Philander, 1977). They have also been observed 
in ~uatorial oceans (Wunsch and Gill, 1976). The traditional appro:Gmatioo is difficult to 
justify a priori, although some observations and some a posteriori justifications s~;ggest that 
the horizontal Coriolis parameter is not important But when the equator is approached, the 
neglected Coriolis acceleration tenns are(}(){ necessarily smaller than the vertical Coriolis 
pararneter-relatcl terms. It is expected that very cl~e to equator, the dynamics would be 
somewhat different from the dynamics when the traditional approximation is m2de. It is 
interesting to look at the character and size of the differences. 
For infinitesimal small amplitude, inviscid waves, we have governing equations 
uniformly valid as follows: 
Ut- ~yv + fow = ·PxiPc 
vt- ~yu = -PyiPo 
-fou = - _L Pz:- 2.. g 
Po Po 
Ux + Vy + Wz = 0 
The notation fa = 2n is again used. Very close to the equator 
2Qcos<p"" 2Q 
2Qsin<p = 2Q<p = 2.Q y/a = ~ y. 
(7. 1) 
(7.2) 
(7. 3) 
(7.4) 
(7.5) 
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These approx.irn.arions are very good for yla<<l to within 5° north or south away from the 
equator. We notice that~ vertical momentum equation is not a hydrostatic relation and the 
time derivative of w is neglected. For low frequency waves. pericxis are longer than 1120. 
and w << u. so Wt << fou. The Boussinesq approximation has been used. To make the 
physical meaning of all tenns clear during analysis , we st:lll use dimensional vanables. 
The zonal vorticity equation can be consaucted by eliminating variable P from (7.1) and 
(7.2). we have 
Also eliminating P from (7 .1) and (7. 3), results in 
Uzt- 13yvz + fo(u~TwJ = ~~ g 
By using (7.5) and (7.7), the density p can be eliminat~ 
Uzu- ~YVzt + fo (Ux+ Wz)t = N2wlt 
where N = ~ ;
0 
Poz is the Brunt Vaisili frequency. In the following study, it is 
(7.6) 
(7.7) 
(7.8) 
assumed that N2 is constant This assumption is not generally \ ilid for the real ocean. but it 
should be sufficient to fulfill the purpose of only making the comparisons here. 
We assume our solution is of form ( :H~)e;(~•b•mz) 
Then (7.4), (7.6), (7.8) give 
(i.k.Y-uy )i<HI3yuik -rpyvy+ l3 v-fowy=O 
Eliminating w from these three equations, we have 
-cnn(ikY-uy)-kml3yu+iml3yvy+iml3v+fo (iku + vy)y = o 
-im2a2U+I3yvn;.2a-if0omvy = kN2(-ikU- vy) 
(7.9) 
(7. 10) 
(7.11"1 
(7.12) 
(7.13) 
(7. 14) 
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Eliminating u from (7.13) and (7.14), an equa!ion for the meridional velocity (amplitude 
pan) is 
cr(N 2+Fo)vyy + 2ifocrrnl3yvy ( 7 . 15) 
- ( -cr(k2N1-m2o2) - 132y2m2o + ~kN2 ~ ifom~o]v = o 
This is a second order variable coefficient ordinary differential equanon. Let v = G(y)Q(y) , 
choose G so that the coefticiem of first derivative of Q \\lith respect toy vanishes. Then we 
obtain 
- tf;n6 t 
. ' y 
G = e 2(N--r) 
Then. an equation for Q is 
Q" + ~A- Cy2]Q = 0 
where 
' • l 
C = :"-i-m-6 
: l ! 
(N -f.) 
Let y =AT), where A. is a meridional scale parameter 
d2Q + p._2 A->... 4CT12]Q = 0 
dT)2 
This is an eigenvalue problem, when 
A.4C = l 
Q has eigen solutions. So. the dispersion relation is 
~kN2 
--- (k1N2-m2a2) = (2j+l )mi3N 
cr 
and 
(7 . 16) 
(7.17) 
(7.18) 
(7.19) 
(7 .20) 
(7.21) 
(7.22) 
(7 .23) 
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Let q>j(n> be the solution of 
dl ., q>. -
__ J ... [(2j+l)-ll ]q> . = 0 
2 J 
dll 
( 7. 24) 
Then, the our mendional velocity is 
v(x.,y ,z,t) = e 
(7.25) 
or. in real form 
(7 . 26) 
Discussion: 
(a) Dispersion relation and group velocity 
The horizontal Coriolis parameter fo does not appear in dispersion relation (7.23) 
which suggestS that the group velocity in the zonal and vertical directions has no 
differences from that of the conventional equatorial wave model . If we u~ the generalized 
equarori..al wave m<Xiel (no traditional approximation is made) to explain the deep jets, the 
difficulty with the vertical do\lffiward group velocity being too small to provide deep jets 
energy from the upper ocean still exists. This result, combined with the scaliTlg arguments 
in section 3 again suggests that some nonlinear effects may be invoived. It is seen in the 
soiution (7.26), that they structure and z strucrure are not totally separable, a parabolic 
phase contribution is in the phase. Although the effect of the horizontal Coriolis parameter 
is missmg in the dispersion relation, its effect is in the structure of the physical quantities 
and needs to be srud.ied. The following discussions address the role of the horizontal 
Coriolis parameter on the meridional structure of various physical quantities. 
(b) Phase and modified depth 
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Although the d.is~ion relation (7.23) does not involve fo, the phase relation 
(7.25) docs. Given that 
(7 .27) 
where IJ.=2ntN denotes the ratio between the relative effect of the horizontal component of 
earth's rotation near equator and vertical stratification. In most of the ocean and atmosphere 
IJ.<<l. Usually IJ.::O.l awa:: from thermocline. We can see that although there is phase 
propagation in they ~tion. it is not linear, which is different from the conventional 
wave. The phase speed in they direction depends on the latitude. If we def~ 
I-L2 
Zb= z- 2a(l-T-IJ.2) Y
2 
as a modified depth, we can see that for the meridional velocity, the 
effect of the horizontal Corio lis parameter is completely involved in the modified depth. 
Fig. 7.1 (a), (b) show the comparison of real depth and modified depth for different IJ.. It is 
clear that for large ~ the modification is very important, while for small ~ the modification 
is not significant 
(c) Meridional velocity structure 
A par. from a phase modification, the mo:ial veiocity structure of the meridional 
velocity structure is the same as the conventional structure except for an elongation or 
- l 
contraction factor ( 1 +~J.~)2 of meridional scale depending on the ratio ~.L The elongation 
factor is graphed in Fig. 7.2. which shows that when )..1. is small. this modification is very 
small. 
(7 .28) 
where 
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A meridional scale is associated with the extra term in the phase, 
fomi3L~ = K 
:>N2 · 2 
(7 .29) 
(7.30) 
If parameters f0 = 2Q, 13 = 2~ , m = C (Lz is vertical wavelength) are insctt--d. then 
"i 
, Ly = v7 2n fi""L; c 7-3 t ) 
For Lx. = lO,OOOkm, Lz = 100m, a= 6.4 x 103 km, 2Q = 1.45 x lQ-4 rad/s, and N = lQ-3 
radls, then, Ly = 120 km. Notice this scale is indepen~nt of frequency and meridional 
mode number if the vertical wavenumber is given. So if there are lots of meridional modes 
in the motion, this meridional length scale will still be the same. 
Ly is proportional to the Brunt Vaisili frequency, so if the vertical wavelength is 
much smaller than the variation scale of N, then Lycan be approximately viewed in a 
WKBJ sense as being larger in the upper ocean and smaller in the deeper ocean. For long 
vertical scale Lz motion, Ly is even larger. 
(d) Zonal velocity 
Knowing the meridional velocity, we can compute the zonal velocity from (7.14) 
(7.32) 
where 
(7.32 .a) 
(7.32.b) 
Using the · :aditional approximation is equivalent to setting f<PO in the above equations 
which result in exactly the same solution as that obtained in the conventional way. When 
fo~. the modified phase effect is rrussing and also ur•O. In the real ocean ~ << 1, so the 
conaiburion of ur to the ampi.itucio;; i;; ··c:y ~m.:ll.1. Si .. ''lCe !he phase !!loc!.ifkation effect has 
been discussed in (b). only comparisons of amplitude for modified and unmodified waves 
under different set of parameters are discussed hereafter. 
We choose the following values of physical parameters as our standard set and 
make the comparison when cne of them is changed: Meridional mode nwnber j=3: verocal 
wavelength Lz""600m; Brunt Vaisaia frequency~= 1.7x.lQ-3 rad/s: zonal wavelength 
L:'l=l()(X)km. The corresponding frequency can be compt•ted from the dispersion relation 
(7.23). Fig.7.3 (a),(b) show the companson when meridional mode number is changed (a) 
for j= 1 (b) for j=5. The solid curve shows the amplitude ,.; u'/ .. ur of the meridional 
structure for the modified wave and the dashed curve for the unmodified wave. It is seen 
that the modification is very small. Fig .. 7.4 (a},(b) are t.he comparisons of amplitude under 
a standard parameter set except that the vertical wavelength is changed: (a) for L2=40<X>m 
and (b) for Lz= lOOm. The difference is insignificant Fig.7.5 (a), (b) show the effect when 
zonal wavelength changes: (a) for Lx= l Q7m (b) for Lx.= I OSm. AU these ?lots show that the 
modifications are very small . Fig. 7.6 (a), (1:) show the effect of vertical stratification. (a) 
for N=lG-3 radls. (b) for N=0.2 x.lG-3 radls. It is sel:!n that for small stratification , the 
modification is very large. Fig. 7.7 (a), (b) show the effect on different types of waves: (a) 
<1= 1.4 x. lQ-7 rad./s for lower frequency wave and (b) cr=5.lx.tQ-6 for higher frequency 
wave under same parameter set It is seen that the modification is small for both higher and 
lower frequency waves. 
A short conclusion is that t.1e effect of horizontal Coriolis parameter on linear 
equatonal trapped waves is very small for a variety of physical parameters. It is the srrong 
stratification which prevents the modification from becoming important. Although the 
phase tan -l( !:!r.u· ) modification has not been presented in plots, it can be seen that this 
. 1 
modification is small since tu~ < < iuJ, except at very few locations. 
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(e) Vertical Velocity 
From (7 .11 ), the vertical velocity can be easily obtained as 
r..ma • 
- !(ot+b+mz y·) . 
W = e 2{N1+e> (WrHWi) 
(7.33) 
where 
mcrfo~Y<pi focrk 2jNm~ 
q)j-1 wr= - (7.33a) ( kN+mcr)(N2+~) k2N2-m2cr2 N2+~ 
mcrN~y<pi m 2 2jNm~ 
q)j-1 Wi= - (7.33b) ( lu~ +mcr)(N2+Fo) k2N2-m2cr2 N2+f'5 
Fig. 7.8 shows the modification oil me amplitude of the meridional structure of the vertical 
velocity. The modification is small. We will not show the effect on density and pressure 
perturbations since this effect is also small under real stratification conditions. 
(t)Validity of the hydrostatic relation and the relative magnitude of the 
Coriolis acceleration terms in the zonal momentum equation 
The vertical momentum equation (7.3) is not fully hydro5tatic. The goodness of hydrostatic 
relation can be measured by the smallness of the following ratio, 
fou Y= - -
~ Po 
Its meridional disrribution can be oburined by using (7 .5) 
icrp = · w P0z 
so 
Then the amplitude of the above ratio is 
'l=focrlul 
' N2 iwl 
{7.34) 
(7.35) 
(7.36) 
( i .31) 
Fig.7.9 (a), (b) show the size of y for different vertical wavelengths, (a) for Lz=4000m.. 
(b) for Lz=600m It is seen that y is always less than one over all latitudes, and is get'erally 
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small. ·· n a few very localized places, it may close to l . Fig. 7. 10 (a). (b) is similar iO 
Fig.7.9. Except for higher frequency waves, it is seen that the large ypeaks are even more 
localized. So the effect of the horizontal Coriolis parameter on the hydrostatic relation is 
stronger at tower frequencies and at larger vertical wavelengths. However. the effect is 
small except at a few very localized locations. 
The relative size of the Coriolis acceleration terms in the zonal momenru:n equation 
is of interest because the vertical Corio lis parameter approaches zero when the equaror is 
approached We plotted the ratio pfyv in the following graphs. Fig. 7.11 (a), (b) show the 
ow 
ratio for low frequency waves under (a) Lz=600m, (b) Lz=4000rn. The ratio is everywhere 
very large except very close to equator (about 20km). Fig. 7.12 (a), (b) are for higher 
frequency waves (a) Lz=600m. (b) Lz=40CJ0m. It is seen that the f0 w term is important for 
a certain range of latitudes. especially for long vertical wavelength waves. A preliminary 
conclusion is that for linear equatorial waves, the effect of the horiz.outal Coriolis parameter 
is more important for high frequency waves in the zonal equation and for low frequency 
waves in the vertical momentum equation. Although from the relative size of terms in 
mome~rum equation", we cannot neglect the effect of the horiz0ntal Coriolis parameter, 
from the solutions we get, under strone, stratification we can use the unmodified wave 
solution when the ho.rizontal Coriolis parameter is being neglected. For the case, N=O, 
A=.mto2 ·· ~2 (7. 18) and (7.19) reduced to r5 I C=O. Equation (7.17) becomes Q + Fo Q=O. 
and its solutions are Q = e irrr;y. So, meridional velocity is 
V= ei( <:n +b +mz ·~·.-!' mt: )_This problem has ~n solved by Stem (1963) although his 
solution was ex.pressed in a different form. The meridional scale associated with the extra 
term in the phase is Ly = I} a f which is of the right order on the boundary where the two 
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Coriolis terms in the zonal momenrum equation are of th<.: same importance for motions of 
vertical scale, Lz.(S«tion 4) 
For small vertical wavelength motions, the friction effect 1:-ecomes important. The 
difficulty m fi~ding a suitable parameterization prevents us from having a good 
understanding of the frictional effect. We temporanly assume tnar the friction term is of a 
diffusive type with an eddy viscosity. 
For simplicity, we srudy the vertical momentum friction effect with zonal variation 
neglected. Af!er the traditional approximation is used. our starting equations become 
Ut - pyv =A\·Uu 
vt + pyu =- Plo Py + Avvu 
0=-_l_Pz+gJ_ 
Po Po 
C1 po Pt + w--=0 
dZ 
(7.38.a) 
(7.38.b ) 
(7 .38.c ) 
(7 .38 .d) 
Still looking for a wave type solution a.s in (7.9), a dispersion relation can be obtained as 
crm-iAvm3=Y (2j+l )Nm~ (7 .39) 
Let O=O'r+i<Ji, we see that the decaying e-folding scale is <>i=Avm3 which increases 
when the vertical wavelength d~. The increasing factor goes as the cube of the 
vertical wavenumber. 
The above analysis can be done in a similar way for equatorial Kelvin waves. This 
section gives us confidence that for a linear inviscid equatorial wave system, the horizontal 
Coriolis parameter effect can be neglected due to the presence in reality of stratification. 
However, we cannot go one step funher to believe that the effect is also negligible for all 
other equatorial systems. The following section is to examine the effect of momentum 
friction and density diffusion on the role of the horizontal Coriolis parameter. 
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Section 8. Effect of momentum friction and density 
diffusion 
One of the extreme cases of the general governing equation derived in Section 3 is 
that when R -7 0, the nonlinearity can be ignored.. The effect of advective nonlinearity has 
been discussed in Section 5 and Section 6. In dimensional form, the linear continuously 
stratified viscous model consists of the following 
~2 
d u 
· ~ y v + fow = Av -
(jz2 
dP iv J3 Y U =- J.__~ Av-
PO (Jy azz 
. fo u :;;: . J.__ ap . 2...-a 
Po oz Po~ 
av d"JV -~--=0 ay crL 
dPo ., d2p 
W-=!,v-
OZ (jz2 
(8.1) 
( 8.2) 
(8.3) 
(8.4) 
(8.5) 
where fo denotes the t:vnzc>~t tal t :oriolis parameter. which is 2n at equator. McPhaden 
( 1981) examined this system neglecting terms associated with fo. He tested the sensitivity 
of his results to different rurbulence paramecerizations. One is characterized by Newtonian 
cooling, the other has bihar!ilonic form of fric-.ion. He assumed the dissipation was of these 
forms mainly because in these ways the resulting problems were spatially separable and so 
analytically tractable. We will still use equation set (8.1)- (8.5) to examine the role of the 
horizontal Coriolis parameter since the problem is already spatially nonseparable. If we 
assume our solution is r: rt ~ ) e•= 
(8.6) 
then, the amplitude of meridional velocity satisfies 
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f" ~2t. - 2fol3 y _ i fol3 2 , _ 
( _:.;t_ - ) v v y + v v + ( -- - ~ y 2 - .'\ -m~ ) v = 0 ( 8. 7) 
rn2A Kvm2 . m . m 
let 
fol3 r 
then Q(y) satisfies 
where 
and Pr =.A. is the Prandtl number. Now (8.8) becomes Kv 
m yl 
v (y) = e· 2 a (l+Y) Q(y) 
(8.8) 
{8.9) 
(8.10) 
(8.11) 
It is seen that the importance of the horizontal Cvriolis p~ter is characterized by 
the nondimensional parameter y. If N is ten times larger than fo, as the usual case, then the 
horizontal Coriolis parameter becomes important only when Kv is a hundred times larger 
than Av. The estimate of eddy viscosity is far from satisfactory, especially in the deep 
ocean. Santiag<rMandujana and Fi.ring(1990) created a summary table (Table 1) of the 
eddy viscosity coefficient estimates Av from upper equatorial ocean observations, but the 
magnitude of which in various observations d.ifcers by at least an order of magnitude. We 
are not going to study the model in detail. The conciusion we get is that the ru.rbulent 
diffusion may affect the importance of the horizontal Coriolis parameter. 
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Section 9. Concluding Remarks 
Two toptcs have been discussed in this thesis. A nonlinear equatorial deep jets 
model and the role of the horizontal Coriolis parameter. Both these topics are very difficult 
to study and have been discussed in the literature for quite some time. 
It is seen that the free. inertial model is a qualitatively consistent model capable of 
describing many features of the equatorial deep Jets. The meridional motion is confmed to 
the equator. The zonal velocity consists of a background of planetary zonal velocity and the 
small vertical scale equatorial deep jets signal. The !)-effect mainly determines the 
meridional trapping of the jets. The magnitude of the density anomaly is what mainly 
determines the ver-...ical structure. It confirms the possibility of the interpretation of 
equatorial deep jets as free, inertial motion below the thermocline. However, this modd 
still has several shortcomings . Since it involves several free constants which can not be 
determined, the accurate comparison of vertical and horizontal jet scales of the model with 
observations becomes very difficult The model does not include momentum and density 
dissipation, so the interpretation in the very deep ocean becomes quite qualitative. The 
neglect of zonal dependence avoids the discussion of deep jets near eastern and western 
boundaries. A scale matching of one mode of the model with observation reveals that the 
latitudinal trapping scale of the model is five times smaller than that observed in the ocean. 
If more modes are involved and better choice of the arbitrary functions is made, this 
matching may become better. 
Given the small vertical scale of the phenomenon, it is hard to do numerical 
computations to resolve the jets. More field observations to measure the meridional velocity 
as well as the zonal velocicy are needed. Knowing the correlation of these two components 
of the horizontal velocity may be of importance since it tells us the connection betvveen the 
meridional motion and the zonal velocity. A more syster!l.atic observational ccnfumation of 
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the planetary zonal velocity is needed. Theoretically , more discussion of the potential zonal 
vorticity equation is need.!d It is of great im:c:rest to solve and interpret its solution when 
differem choices of the arbitrary functions are made. It is difficult to simulate a free. inertial 
motion by numerical computauon since its generation mechanism is unknown. One 
possible way of doing numerical computational analysis on equatorial deep jets is to 
develop a numerical model to solve the motion on a meridional plane with realistic forcing 
and background density distribution. Then, a statistical average can be made to see if this 
average compares well with the analyjcal solution proposed in Section 6. 
The second topic discussed in the thesis is the role of the horizontal Coriolis 
parameter. A general conclusion is still missing. In the simplified models used in the 
previous several sections. It is found that this parameter is not important in linear in viscid 
stratified equatorial waves. The role may be enhanced. if momentum friction and density 
dissipation effects are included and the ratio of one to the other is small. In the nonlinear 
equatorial dynamics, it is seen that the horizontal Coriolis parameter-related term in the 
zonal momentum equation acts as an important contributor to the conservation of angular 
momenrum. It provides a vertical background zonal velocity shear which is qualitatively 
confirmed by observations. The effect of the horizontal Coriolis parameter in the vertical 
momentum equation is belittled by the presence of density anomalies associated with the 
fluid motion. It is suggested that these two terms be included in the future numerical 
models dealing with large vertical scale motions. :\1ost existing models mainly study the 
fluid motion in the upper ocean. Future three dimensional models involving thermohaline 
circulation may find some effects from this parameter. 
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